Catheter ablation of left-sided atrioventricular accessory pathways through the coronary sinus by direct-current shock may be complicated by rupture and thrombosis of the coronary sinus and injury to the coronary arteries. This study examined short and long-term effects of radiofrequency catheter ablation of the coronary sinus in 20 closed-chest dogs to determine whether this technique is feasible for potential interruption of left-sided accessory pathways. Single-pulsed radiofrequency energy (750 kHz, 85-293 J) was delivered to three sites in the distal and middle coronary sinus between the distal (1) or the proximal electrodes (2 or 3) of a standard 6 French quadripolar catheter and a chest-wall patch electrode. Single-pulsed radiofrequency energy (78-293 J) was also applied to two sites near the ostium of the coronary sinus with the proximal (4) or the distal (1) electrode of the same catheter. Coronary artery and levophase coronary sinus angiograms obtained before and immediately after ablation, as well as before killing, showed intact vascular structures in all dogs. Right atrial, pulmonary arterial, and aortic pressures measured in three dogs did not change significantly at the time of energy delivery. No significant changes were found in atrioventricular nodal refractoriness and conduction. None of the dogs had significant rhythm disturbances during and after ablation as evaluated by ambulatory electrocardiographic monitoring and periodic rhythm strips at follow-up. Ten dogs were kiled 1-7 days after ablation, three dogs were killed at 4 weeks, three dogs at 6 weeks, two dogs at 8 weeks, and two dogs at 12 weeks. Discrete lesions ranging in size from 3 x 3 to 8 x 10 mm2 in surface area and 0.5-4.5 mm in depth were found in the coronary sinus with most of the lesions extending to the left atrial and left ventricular myocardium. There was neither rupture of the coronary sinus nor occlusion of the coronary arteries. Mural thrombus was found in the coronary sinus on five acute lesions in two dogs, but none was noted on the chronic lesions, which was characterized by chronic granulation tissue and fibrosis. Two dogs in the study during chronic conditions had damage to branches of the underlying coronary artery that showed necrotizing arteritis and arterial sclerosis. Conduction system studies in four dogs showed some chronic inflammatory and fibrotic changes. Similar discrete lesions were found in situ in the coronary sinus of four postmortem human hearts with radiofrequency catheter ablation. It was concluded that catheter ablation of the coronary sinus by radiofrequency energy was relatively safe. The location and size of the lesions created suggest that this technique is feasible for potential interruption of the left free wall and posteroseptal accessory pathways.
C atheter ablation of left-sided Kent bundles through the coronary sinus with directcurrent electrical shock has been recently performed in patients with Wolff-Parkinson-White syndrome. -4 However, electrical shocks of less than 100 J have had limited success, and larger shocks have ruptured the coronary sinus.24-6 Other complications include ventricular arrhythmias, ectopic atrial tachycardia, thrombosis of the coronary sinus, damage to nearby coronary arteries, pericarditis, persistent and complete atrioventricular (AV) block, and death.7.8 Typically, direct-current energy was delivered either between an electrode in the coronary sinus serving as the cathode and an external chest electrode serving as the anode or between two electrodes of the coronary sinus catheter. We have pioneered the use of radiofrequency energy for catheter ablation of the myocardium9 and have demonstrated its safety and efficacy for ablating the AVjunction and ventricles in animal experiments.'0- 14 Lately, this technique has been successfully applied in a small number of patients with refractory cardiac arrhythmias that include ablation of Kent bundles. [15] [16] The present study examined short and long-term effects of radiofrequency catheter ablation of the coronary sinus in the closed-chest dog model and examined the feasibility of this technique for potential interruption of left free wall and posteroseptal accessory pathways.
Materials and Methods Procedure Before Ablation Twenty adult greyhound dogs weighing 20-32 kg were studied. Each dog was preanesthetized with an intramuscular injection of 20 mg xylazine, and then intubated and ventilated with a mixture of oxygen and 1-1.5% halothane. A 6 French standard quadripolar USCI (US Catheter and Instruments, Recordings immediately after ablation. Note that there are no changes in the electrocardiogram, AH, an7d HV intervals after ablation. A, atrial activity; CL, cycle length; CS, coronary sinus electrograims; H, His buindle activity; HBE, His bundle electrogramns; RA, right atrial electrograms; V, ventricular activity. Billerica, Massachusetts) electrode catheter with a 10-mm interelectrode distance was inserted into the right internal jugular vein by cutdown. This catheter was positioned fluoroscopically in the lateral right atrium for preablation atrial pacing and subsequently positioned into the coronary sinus for ablation ( Figure IA) . The location of the catheter in the coronary sinus was confirmed by the recordings of the intracardiac electrograms and by the levophase of the coronary sinus angiogram. Another 7 French tripolar USCI electrode catheter was inserted percutaneously from the right femoral vein for His bundle recordings. All intracardiac electrograms were filtered at 30-300 Hz, displayed on a Hewlett-Packard eight-channel oscilloscope (model 78308A, Andover, Massachusetts) with a lead II surface electrocardiogram, and recorded on a Gould four- channel physiological recorder (model 3400, Gould-Statham, Cleveland, Ohio). Basic P wave and atrial (PA), atrial and His bundle (AH), and His bundle and ventricular activity (HV) intervals were obtained ( Figure 2A ). The effective refractory period of the atrium, AV node, and the AV nodal Wenckebach cycle length were determined with a Medtronic stimulator (model 5326, Minneapolis, Minnesota) at twice the diastolic threshold. Baseline coronary arteriography ( Figure IA ) and levophase coronary sinus angiograms were obtained with an Amplatz coronary catheter (Cordis, Miami, Florida) inserted percutaneously from the femoral artery. All angiograms were recorded on video cassette tape.
Ablation Protocol
Radiofrequency energy (750 kHz) was generated from an electrosurgical unit (model SSE4, Valleylab, Boulder, Colorado). The physical and engineering aspects of this device, as well as the mechanism of tissue necrosis induced by radiofrequency energy, have been previously described.9-'4 A unipolar configuration was used for delivery of single-pulsed radiofrequency energy between the coronary sinus electrode and an external patch electrode (Scotchplate 1149C, 3M, St. Paul, Minnesota) on the left lateral chest wall. An energy setting of 300 J (20 W x 15 seconds) was delivered to three sites in the distal and middle coronary sinuses with each of the three distal electrodes (1, 2, and 3 at a 10-mm interelectrode distance) of a 6 French standard USCI qua-dripolar catheter. The catheter was then carefully withdrawn during fluoroscopy so that the most proximal electrode (4) was positioned near the orifice of the coronary sinus, which was confirmed by the levophase coronary sinus angiogram. An energy setting of 300 J (20 W x 15 seconds) was applied to electrode 4 at this position. Finally, the catheter was entirely withdrawn from the coronary sinus, and the tip electrode (1) of the catheter was positioned during fluoroscopy at the right atrial endocardium near the coronary sinus orifice. Another energy setting of 300 J (20 W x 15 seconds) was again delivered to electrode 1 with the same system.
During application of radiofrequency energy, the current and voltage output in direct-current root mean square signals were recorded on the calibrated four-channel Gould recorder to permit calculation of delivered energy and to observe any changes in current and impedance during ablation ( Figure 3 ). The electrocardiogram (lead I1) was continuously recorded at the time of energy delivery. Hemodynamic assessment was performed during radiofrequency ablation in three dogs. These assessments included pressure recordings from the left ventricle ( Figure 3 ) by a Millar solid-state micromanometer pigtail catheter (Houston, Texas) and recordings from the pulmonary artery and the right atrium by a Swan-Ganz balloon-tipped fluidfilled catheter.
Evaluation After Ablation
All dogs underwent coronary arteriography, which included levophase coronary sinus angiogram imme- Figure 2B ), atrial and AV nodal refractoriness, and AV nodal Wenckebach cycle length was obtained. A 24-hour Holter monitor (Del Mar Avionics, Irvine, California) was applied immediately after the repeat study to detect significant arrhythmias. A periodic rhythm strip was also obtained 1, 2, 4, 8, and 12 weeks after ablation. All the catheters used for ablation were assessed by a method described previously for lead electrode integrity before and after ablation. 10 Ten dogs were killed 1-7 days after ablation to observe the short-term effect of radiofrequency catheter ablation on the coronary sinus and the surrounding structures. Three dogs were killed at 4 weeks, three at 6 weeks, two at 8 weeks, and two at 12 weeks to examine the long-term effect of this technique. Four dogs in the study during chronic conditions underwent conduction system studies ( Table 1) .
Radiofrequency Catheter Ablation of the Coronary Sinus in Postmortem

Human Hearts
To further test the feasibility of radiofrequency energy for ablation of the human coronary sinus, four postmortem human hearts were studied in situ.
The right atrium was opened, and a 6 French quadripolar USCI electrode catheter was inserted into the coronary sinus through the coronary sinus orifice. The coronary sinus was constantly perfused with normal saline through an 8F Cordis introducer placed in the distal coronary sinus. Single-pulsed radiofrequency energy at a setting of 300 J (20 W x 15 seconds) was delivered to the middle coronary sinus and near the orifice. Energy was applied between the distal electrode of the catheter and a metal plate (6 cm diameter) sutured to the anterior left ventricle.
Pathological Examination
The coronary sinus was opened longitudinally in situ and was examined for lesions. For both human _293 n = 20 dogs. LA, left atrium; LV, left ventricle; wk, weeks. *The conduction system studied in these dogs required serial sectioning of the intact heart. Therefore, the gross examination of the coronary sinus was not performed. and dog hearts, the sizes of the lesions were measured by length, width, and depth (millimeters) of tissue necrosis at the ablated sites.
Sections from the postmortem human and dog hearts were taken and fixed in 10% neutrally buffered formalin. The tissue was routinely processed, embedded in paraffin, sectioned at a 5-am thickness, and stained with hematoxylin and eosin, trichrome, and Movatt elastic stains.
Conduction System Study in Four Dogs
The conduction was studied in dogs 13, 15, 18, and 20 (Table 1 ) (by S.B. and M.L.). The method of study has been described previously.17 Serial sections were cut at a 7-g.m thickness. Every 20th section was retained in the sinoatrial node and its approaches, the AV node and its approaches, the His bundle and the bundle branches up to the muscle of Lancisi. In this manner, a total of 1,688, 2,176, 2,456, and 1,200 sections were obtained in dogs 13, 15, 18, and 20, respectively.
Results
Gross and Histological Findings in Canine Hearts
Of 50 attempted ablation sites, 42 lesions (84%) were identified within the coronary sinus and near the orifice of the coronary sinus ( Table 1 ). The size of the lesions varied from 3 x 3 to 8 x 10 mm2 in surface area and from 0.5 to 4.5 mm in depth, and the sizes correlated approximately with the amount of delivered energy. A wide range of delivered energies were noted (from 78 to 293 J) even though the energy settings for each ablation was the same (20 W x 15 seconds). This discrepancy was likely due to impedance rise secondary to coagulum for- 14 round-to-oval lesions 5 days after ablation that are centrally pale with a hemorrhagic margin (->). One area of ablation is located immediately adjacent to the ostiuim of the coronary sinus (t).
mation on the electrode during energy delivery in some ablations. Of 26 lesions found in the coronary sinus, 25 (96%) had necrosis that extended to the left atrial muscle, and 16 (62%) involved the summit of the left ventricular myocardium. The ablation-induced acute lesions (1-7 days) in the coronary sinus were round to oval, centrally pale with a hemorrhagic rim, and were well distinguished from the adjacent normal tissue (Figure 4) . On cross section, the area of necrosis was hemispherical, pale tan, and slightly granular centrally with a hemorrhagic zone at the periphery that sharply demarcated the injured from the surrounding normal tissue. The chronic lesions (4-12 weeks) were also round-to-oval to irregular in shape, white, fibrotic, and well circumscribed ( Figure 5 ). There was no rupture, perforation, or stricture of the coronary sinus. The circumflex arteries appeared patent from the crux to the obtuse margin of the heart. A thin layer of mural thrombus was found overlying three lesions in dog 2 ( Table 1) and two lesions in dog 6. However, no thrombus was found in the coronary sinus of any dog in the study during chronic conditions. The mitral and tricuspid valves were grossly intact.
Histological examination of the acute lesions showed coagulation necrosis of the endothelial lining of the coronary sinus, underlying collagen, left atrial muscle, portions of the atrioventricular groove, and variable thickness of the left ventricular muscle ( Figure 6 ). In some of the larger areas of ablation, the lesions involved at least half of the circumference of the coronary sinus (Figure 7 ). There was often fibrin adherent to the endothelial aspect of the coronary sinus, occasionally with an associated thrombus. Necrotic myofibers of atrial and ventricular muscle showed loss of nuclei, loss of cross striations and longitudinal fiber pattern, and areas of granular dissolution. The more acute lesions (1 day) had varying amounts of hemorrhage at the periphery, while subacute lesions (3-7 days) had a rim of granulation tissue composed of proliferating capillaries and fibroblasts with admixed acute and mononuclear inflammatory cells. The margin of necrotic muscle was well demarcated from surrounding normal myocardium. A trichrome stain distinguished the gray-green staining of collagen fibers from the red staining of adjacent normal myocardium and confirmed the observations made with hematoxylin and eosin staining. The underlying coronary artery was well preserved without evidence of mural necrosis, inflammation, or thrombi ( Figures 6 and 7) .
The chronic lesions were characterized by fibrosis of the wall of the coronary sinus and varying thickness of the underlying left atrium, atrioventricular groove, and ventricular myocardium ( Figure  8 ). The more superficial portions of the lesions had condensations of many elastic fibers just beneath the endothelium of the coronary sinus. Necrotic muscle fibers had been replaced by granulation tissue with maturing collagen and varying amounts of residual chronic inflammatory infiltrate. In larger foci, the more centrally placed myofibers remained as mummified necrotic muscle surrounded by granulation tissue and chronic inflammation. Two dogs (1 1 and 19, Table 1 ) had damage to branches of the underlying coronary artery. In one dog (11), the artery had necrotizing arteritis with fibrinoid necrosis of the wall, a mixed neutrophilic infiltrate and mixed mononuclear inflammatory response ( Figure  9A ). The second dog (19) had a similar necrotizing arteritis involving a branch of the coronary artery in one area and established arterial sclerosis with diminution of lumen caliber in another focus ( Figure 9B ).
Conduction System Findings
The findings are presented in Table 2 . These findings reveal that some inflammatory changes were present in the approaches in the SA and the AV nodes. No destructive necrotic lesions were found in the conduction system. The mild-to-moderate fibrotic changes in the various parts of the conduction system with surrounding fatty metamorphosis were possibly related to the experiment's protocol.
Gross and Histological Findings in Postmortem Human Hearts
The gross examination of lesions in the coronary sinus of the four postmortem human hearts showed that the areas of tissue damage were similar to those seen in the canine hearts. They were generally round to oval, pale tan, and sharply circumscribed with respect to the surrounding normal tissue ( Figure   lOB ). On cross section, the zone of damage was hemispherical, pale tan at its periphery, and more normal in color centrally ( Figure IOA) . The size of lesions ranged from 5 x 4 to 8 x 7 mm' in surface area and 1-3 mm in depth ( Table 3 ). All lesions except for one (13 of 14, 93%) involved the left atrium, and 57% (8 of 14) of the lesions involved the summit of the left ventricular myocardium. Histologically, the ablated area showed acute thermal damage characterized by nuclear fading and blurring with granular degeneration and fragmentation of collagen and muscle fibers. The underlying coronary arteries were all well preserved.
Hemodynamic Observation During Radiofrequency Catheter Ablation
There were no significant changes of the pressures in the left ventricle (Figure 3 ), right atrium, and the pulmonary artery during application of radiofrequency energy to the coronary sinus.
Electrophysiological and Electrocardiographic Observations
No differences were found in the PA. AlHI and HV intervals (Figure 2) , and no significant differences were found in the effective refractory periods of the atrium (186±+-21 [mean-v-SD] vs. 190()+24 msec at the paced cycle length of 400 msec) and of the AV node (206 t 17 vs. 208 + 19 msec at the cycle length of 400 msee) before and after ablation. In addition, there was no significant change in the AV nodal Wenckebach cycle length (312 + 45 vs. 306-50 msec). No arrhythmias or electrocardiographic changes were noted during radiofrequency ablation. Significant arrhythmias were not observed 24 hours after the procedure assessed by a Holter monitor and during follow-up assessed by periodic rhythm strips.
None of the dogs died suddenly before killing.
Coronary Angiograms
Coronary angiograms and levophase angiograms of the coronary sinus obtained immediately after ablation and before killing (Figures lB and IC) showed no spasm, stenosis, or occlusion of the coronary arteries and of the coronary sinus in any of the 20 dogs studied up to 12 weeks of follow-up.
Electrode Catheters
None of the 20 electrode catheters used for ablation had loss of electrode lead integrity. Blood coagulum was occasionally found on the electrodes used in the dog experiments. This phenomenon occurred slightly more often on the proximal electrodes (2, 3, and 4) than on the distal electrode (1) of the same catheter.
Discussion
The results of this study show that radiofrequency catheter ablation of the coronary sinus can produce discrete lesions in the atrioventricular sulcus without any serious complications. Because the major concerns for use of direct-current shock in the coronary sinus are the risk of rupture of the coronary sinus and injury to the nearby coronary arteries, this technique may be preferable for ablation of accessory pathways.
Anatomic Consideration of Left-Sided and Posteroseptal Accessory Pathwiays
Left-sided pathways tend to traverse a wellformed annulus through the pyramidal epicardial fat space and in the atrioventricular sulcus between the left atrium and left ventricle. 18 These pathways may occur in close proximity to the mitral valve annulus, or they may be situated well away from the annulus. Near the interatrial septum, the wall of the coronary sinus may actually contain atrial fibers so that accessory pathways may arise from the wall of the coronary sinus. Accessory pathways usually arise between the coronary sinus and the atrial wall, crossing the AV sulcus, and attach to the various aspects of the summit of the left ventricular wall toward the epicardial surface. Because the coronary sinus lies near the mitral valve annulus, transcoronary sinus ablation may likely cause necrosis and scarring of the annulus, AV sulcus fat tissue, and the adjacent left atrial and ventricular myocardium. Thus, interruption of left-sided anomalous connections may be achieved by this nonsurgical technique.
Radiofrequency-Induced Lesions
We were able to create well-demarcated lesions in more than 80% of the sites in the coronary sinus or near the orifice in which catheter ablation was attempted with single-pulsed radiofrequency energy (range, 78-293 J). Most of the lesions were composed of coagulation necrotic or chronic granulation tissue involving the underlying AV sulcus and the atrial myocardium. With the exception of lesions near the coronary sinus orifice, a significant percentage (>60%) of the lesions showed involvement of the summit of the left ventricle. The location and extent of the lesions suggest that this technique is feasible for interrupting left-sided and posteroseptal accessory pathways. This was further supported by the observation made in the postmortem human heart studies.
Complications
In this experiment, no serious complications occurred. There was no rupture of the coronary sinus, cardiac perforation, or evidence of pericar-ditis. Significant arrhythmias were not observed during and after ablation. Likewise, there was no AV block or changes of the electrocardiograms or electrophysiological variables after the procedure. In addition, lack of intracardiac pressure rise during ablation further suggests absence of barotraumatic effect from delivery of radiofrequency energy.
We found that radiofrequency catheter ablation of the coronary sinus did not result in serious injury to the underlying coronary arteries. None of the experiments during acute and chronic conditions showed evidence of spasm, stenosis, or occlusion of the coronary arteries as assessed by repeated coronary angiograms obtained immediately after the ablation --t~~~~~1 and before induced death. However, two dogs (11 and 19) in the study during chronic conditions had necrotizing arteritis and sclerosis involving a branch of the circumflex coronary artery. The long-term consequences of these changes are not known. Although there were thin mural thrombi overlying five acute lesions in two dogs, none of the chronic lesions showed evidence of thrombus formation in the coronary sinus. The tricupsid valves and mitral valves remained well preserved in this study. The conduction system studied in four dogs (4-12 weeks after ablation) showed minimal changes.
Thus, this study demonstrates that catheter ablation of the coronary sinus by radiofrequency energy is reasonably safe. Other advantages of using radiofrequency energy, including minimal damage to the electrode catheters and avoidance of using general anesthesia during ablation, have been detailed elsewhere. [10] [11] [12] [13] [14] One of the limitations in using radiofrequency energy for catheter ablation of cardiac tissue is the occasional impedance rise during application of energy. This will prevent current flow through the electrodes and minimize tissue desiccation. In our in vitro experiments on a bovine heart model, we were able to demonstrate that coagulum formation on the electrodes is the most important determinant of impedance rise,19 especially in blood medium with a transvenous catheter in intact dogs, but not in the postmortem human hearts when the coronary sinus was perfused with normal saline. Other factors such as higher power settings (>30 W), longer pulse duration (>40 seconds), increased tissue contact pressure (>80 g), and repeated applications of radiofrequency energy to the same electrode all play an important role in causing impedance rise. '9 Other limitations concern the optimal size of the lesion and the optimal amount of delivered energy to interrupt the accessory bundle. In this study, we arbitrarily chose single-pulsed energy at a setting of 300 J (20 W x 15 seconds) based on our previous animal studies. [9] [10] [11] [12] 19 However, we do not know the optimal amount of delivered energy when applying this technique in humans. Also, the extent of ablationinduced injury and potential complications in the dog model may be different from that in humans.
Conclusion
This study shows that catheter ablation of the canine coronary sinus by radiofrequency energy is free of major complications. The short-and long-term effects on the coronary sinus, major coronary arteries, and the conduction system were relatively benign. The location and size of the lesions created by singlepulsed radiofrequency energy show that this technique may be feasible for potential interruption of left-sided and posteroseptal accessory pathways.
